Aims/hypothesis Increased adipose tissue secretion of adipokines and cytokines has been implicated in the chronic low-grade inflammation state and insulin resistance associated with obesity. We tested here whether the cardiovascular and metabolic hormone atrial natriuretic peptide (ANP) was able to modulate adipose tissue secretion of several adipokines (derived from adipocytes) and cytokines (derived from adipose tissue macrophages). Subjects and methods We used protein array to measure the secretion of adipokines and cytokines after a 24-h culture of human subcutaneous adipose tissue pieces treated or not with a physiological concentration of ANP. The effect of ANP on protein secretion was also directly studied on isolated adipocytes and macrophages. Gene expression was measured by real-time RT-quantitative PCR. Results ANP decreased the secretion of the pro-inflammatory cytokines IL-6 and TNF-α, of several chemokines, and of the adipokines leptin and retinol-binding protein-4 (RBP-4). The secretion of the anti-inflammatory molecules IL-10 and adiponectin remained unaffected. The cytokines were mainly expressed in macrophages that expressed all components of the ANP-dependent signalling pathway. The adipokines, leptin, adiponectin and RBP-4 were specifically expressed in mature adipocytes. ANP directly inhibited the secretion of IL-6 and monocyte chemoattractant protein-1 by macrophages. The inhibitory effects of ANP on leptin and growth-related oncogene-α secretions were not seen under selective hormone-sensitive lipase inhibition. Conclusions/interpretation We suggest that ANP, either by direct action on adipocytes and macrophages or through activation of adipocyte hormone-sensitive lipase, inhibits the secretion of factors involved in inflammation and insulin resistance.
Introduction
Chronic low-grade inflammation, as defined by increased plasma levels of C-reactive protein, is a strong risk factor for cardiovascular and metabolic diseases [1] [2] [3] [4] . Additional markers of inflammation such as IL-6 and TNF-α are strongly associated with increased risk of several chronic diseases including insulin resistance, coronary artery disease and type 2 diabetes mellitus [5, 6] . Mounting evidence indicates that obesity is associated with a chronic systemic low-grade inflammatory state and that inflammation is one of the potential mechanisms of obesity-related morbidity [2, 7] . Adipose tissue is an important endocrine tissue that secretes many biologically active proteins, such as adiponectin, leptin, retinol-binding protein-4 (RBP-4) and numerous cytokines such as TNF-α, IL-6, monocyte chemoattractant protein-1 (MCP-1), IL-8, IL-10 and IL-1 receptor antagonist (IL-1Ra, also known as IL1RN) [8] . All these factors are collectively termed adipokines for those secreted by adipocytes and cytokines for those secreted by other adipose tissue stromal cells. Plasma levels of several adipokines and cytokines (IL-6, IL-8, TNF-α, MCP-1, RBP-4) are increased during obesity [9] [10] [11] [12] . They are thought to play a critical role in the pathogenesis of insulin resistance and atherosclerosis. In recent studies, there is evidence of macrophage infiltration and accumulation in the subcutaneous and visceral adipose tissue from overweight and obese individuals [13] [14] [15] . Macrophages recruited in adipose tissue might be a noticeable source of inflammatory cytokines.
Although many adipose tissue-secreted cytokines and adipokines have been identified, the nutritional and endocrine signals that regulate the secretion of these molecules are poorly understood so far. Atrial natriuretic peptide (ANP) is a cardiovascular hormone secreted by cardiomyocytes involved in the control of blood volume homeostasis through natriuretic and diuretic effects [16] . The physiological role of natriuretic peptides (NPs) in the cardiovascular system has been extensively studied in the past 20 years. More recently, ANP has been shown to stimulate lipolysis in human fat cells [17] . The intracellular signal pathway involves cyclic GMP production, cyclic GMPdependent protein kinase I (cGKI) activation, and hormonesensitive lipase (HSL) phosphorylation and activation. ANP stimulates lipolysis specifically in primate and human adipocytes. The physiological relevance of the lipolytic effect of ANP has been demonstrated in humans and recently reviewed [18] . However, besides the potent lipolytic effect of ANP in human adipocytes, the potential impact of ANP on adipokine production by adipocytes and cytokine production by adipose tissue macrophages is unknown. In the present study, we tested whether ANP was able to modulate the secretion of several cytokines and adipokines linked to inflammation and insulin resistance directly or indirectly through metabolic products originating from lipolysis. Culture of human adipose tissue pieces Human adipose tissue pieces contain the different cell types of adipose tissue and permit long-term culture [19, 20] . Thus, primary culture of adipose tissue pieces offers the unique possibility to study whole-tissue secretion.
Subjects and methods

Subjects
On day 1, 30 g of subcutaneous abdominal adipose tissue were cut with scissors under aseptic conditions into small pieces weighing approximately 10 mg or less. In all experiments, pieces were washed three times with sterile PBS to remove blood cells. The pieces of adipose tissue were centrifuged for 1 min at 300×g at room temperature between each wash. Then 20 g of the pieces of tissue was resuspended in 50 ml of fresh medium containing 10% FCS. The culture medium used was DMEM F12 (Cambrex, Verviers, Belgium) containing 33 μmol/l biotin, 17 μmol/l pantothenate and 50 μg/ml gentamicin. The pieces were preincubated overnight in aseptic conditions to allow for removal of soluble factors and cellular debris released by cells broken during the preparation of the small pieces of adipose tissue.
On day 2, the pieces were washed three times with PBS to remove excess serum and debris, and centrifuged for 1 min at 300×g at room temperature. Then, the pieces (200 mg/ml) were incubated for 24 h in control conditions, and treated with a physiological dose of ANP (10 nmol/l) alone or in combination with 4-isopropyl-3-methyl-2-([(3S)-3-methylpiperidin-1-yl] carbonyl) isoxazol-5(2H)-one (BAY), a specific HSL inhibitor, at 1 μmol/l [21, 22] . The culture medium was DMEM F12 containing 33 μmol/l biotin, 17 μmol/l pantothenate and 50 μg/ml gentamicin, supplemented with 10 mg/ml fatty acid-free BSA (SigmaAldrich, Saint Quentin Fallavier, France) and a cocktail of protease inhibitors (chymotrypsin 1.5 μg/ml, thermolysin 0.8 μg/ml, papain 1 mg/ml, pronase 1.5 μg/ml, pancreatic extract 1.5 μg/ml and trypsin 0.002 μg/ml) (Complete; Roche Diagnostic, Meylan, France). In all experiments, the concentration of BSA was kept constant to avoid any interaction of BSA with adipokine secretion [23] . The culture medium was adjusted to pH 7.4 and filtered through a 0.22-μm filter. Preliminary experiments showed that a 24-h incubation allowed the detection of a wide range of factors produced by adipose tissue. Aliquots of the medium were taken after 24 h of incubation and stored at −80°C for protein measurements. The pieces were washed three times with PBS, drained, weighed and stored at −80°C for mRNA analysis.
Cytokine arrays The RayBio Human Cytokine Antibody Array C Series 1000 kit (RayBiotech Inc., Cliniscience, Montrouge, France) provides a simple array format, and is a highly sensitive approach to simultaneously detect a wide range of multiple cytokine secretion levels from conditioned media (for details see website: http://www.raybio tech.com/map/C_Series_1000.pdf) [24] . This kit combines two antibody array membranes to detect expression of 120 cytokines, mainly pro-and anti-inflammatory cytokines, chemokines and angiogenic factors, in a single experiment. The experiment was performed according to the manufacturer's instructions. Briefly, 1 ml of conditioned medium was added to an antibody-coated membrane and incubated on a plate shaker at 4°C overnight. After incubation with biotinylated antibodies and labelled streptavidin, the signal was detected from the membrane by chemiluminescence. Data analysis was performed using ScanAlyze software to generate an absolute analysis of each membrane. As determined by densitometry, the variation between two spots was 5.7% (range 1-10%) in duplicate experiments. Positive controls were used to normalise the results from different membranes being compared. The relative secretion (arbitrary units [AU]/g of tissue) was normalised to the respective weight of the pieces.
Culture of human mature adipocytes Adipocytes were isolated by collagenase digestion according to Rodbell [25] . After digestion, the suspension was filtered (210-μm filter) and washed three times with PBS. Mature adipocytes (1 ml) were included in fibrin gels (1.5 mg fibrinogen/ml in medium supplemented with 25 units/ml α-thrombin) and cultured in medium containing 10 mg/ml fatty acid-free BSA. Mature adipocytes were cultured for 24 h in the basal condition and in the presence of 1 μmol/l ANP. Control gels were prepared without adipocytes. After incubation, the adipocyte-conditioned media were frozen at −80°C and total lipids were extracted gravimetrically [26] . This technique avoids cell breakage and allows maintenance in culture of mature adipocytes.
Isolation and culture of human adipose tissue macrophages
The adipose tissue pieces were digested with collagenase (300 units/ml in PBS and 2% BSA). Following a 200 × g centrifugation, the pellet containing the stroma vascular fraction was incubated for 10 min in an erythrocyte-lysing buffer (155 mmol/l NH 4 Cl, 5.7 mmol/l K 2 HPO 4 and 0.1 mmol/l EDTA) and finally resuspended in PBS/2% FCS and sequentially filtered through 100-, 70-and 40-μm filters.
The CD14+ cells, defined as adipose tissue macrophages, were isolated from the stroma vascular fraction as previously described in Curat et al. [14, 27] with minor modifications. One aliquot of the CD14+ cell population (adipose tissue macrophages) was collected in RNA lysis buffer (Qiagen, Courtaboeuf, France) and stored at −80°C until analysis. Then, adipose tissue-derived macrophages were cultured in ECBM medium (Promocell, Heidelberg, Germany) containing 1% BSA in the presence or absence of ANP (1 μmol/l) for 24 h at 37°C. At the end of the incubation, the medium was collected and frozen at −80°C until analyses.
Determination of protein levels Human leptin and adiponectin ELISA kits (BioVendor, Brno, Czech Republic) were used for the determination of leptin and adiponectin concentrations in medium. Within-run CV values for leptin and adiponectin were 2.5 and 3.3%, respectively. Quanti-kine human immunoassays (R&D Systems, Abingdon, Oxon, UK) were used for the quantification of growthrelated oncogene (GRO)-α, IL-6 and MCP-1. Within-run CV values were 3.0, 1.6 and 2.6% for GRO-α, IL-6 and MCP-1, respectively. RBP-4 was not spotted on the cytokine array membranes and was measured independently in media by ELISA (Phoenix Europe GmbH, Karlsruhe, Germany); the within-run CV was 2.2%.
Lipolysis measurement Lipolytic activity of adipose tissue pieces was determined by glycerol and NEFA concentrations. Glycerol was measured using a previously described method [28] . NEFA levels were assayed with an enzymatic method (Oxoid, Unipath, Dardilly, France). Glycerol and NEFA values were normalised as μmol/g tissue.
RNA extraction and real-time PCR Gene expression was performed on adipose tissue pieces, macrophages and adipocytes. Total mRNA and reverse transcription were performed as previously described [22] . Real-time quantitative PCR (qPCR) was performed on an ABI PRISM 7500 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). A set of primers was designed for ADIPOQ (adiponectin), LEP (leptin), TNF (TNF-α), NPR1 (natriuretic peptide receptor A) and NPR3 (natriuretic peptide receptor C) using the software Primer Express 1.5 (Applied Biosystems) and used at a final concentration of 900 nmol/l with SYBR-Green based chemistry. To verify that genomic DNA was not amplified, qPCR was performed on reverse transcription reactions with no addition of reverse transcriptase. Primers and probes for IL6, CCL2 (also known as MCP-1), IL10, CXCL1 (also known as GRO-α), CCL4 (also known as macrophage inflammatory protein [MIP]-1-β), CCL8 (also known as MCP-2), PRKG1 (also known as cGKI), PDE5A (phosphodiesterase 5A) and RBP4 were obtained from Applied Biosystems using TaqMan probe-based assays. For each primer pair, a standard curve was obtained using serial dilutions of human adipose tissue cDNA prior to mRNA quantification. We used 18S ribosomal RNA (Ribosomal RNA Control TaqMan Assay kit; Applied Biosystems) as control to normalise gene expression. Each sample was performed in duplicate and 10 ng cDNA were used as a template for real-time PCR. When the difference between the duplicates was above 0.5 Ct, qPCR was performed again.
Statistical analyses Data are presented as means±SEM. Statistical analysis was performed using SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA). A non-parametric Wilcoxon test was used for statistical analyses of paired values. The effect of multiple treatments was analysed using a one-way ANOVA followed by an LSD post-hoc test. The level of significance was set at p<0.05.
Results
Effect of ANP on human adipose tissue protein secretion Cytokine arrays were used to screen conditioned media of human adipose tissue pieces (Fig. 1 ). Amongst 120 cytokines tested, leptin, adiponectin, IL-6, IL-8, the regulated upon activation normally T-expressed and presumably secreted (RANTES) factor, MCP-1, MIP-1β and GRO-α showed a high secretion rate (Fig. 2) . Treatment of adipose tissue pieces with a physiological concentration of ANP (10 nmol/l) led to a statistically significant decrease of leptin, IL-6, TNF-α and tissue inhibitor of metalloproteinase (TIMP)-1, as well as of several chemokines (MCP-1, MIP-1β, MCP-2 and GRO-α) ( Table 1) . ANP treatment did not induce significant changes in the secretion of the anti-inflammatory molecules IL-10 and adiponectin. To confirm the results obtained with cytokine arrays, ELISA were performed to measure leptin, adiponectin and GRO-α as well as RBP-4, an adipokine recently described to be involved in obesity-associated insulin resistance [12] . As shown in Table 2 , ANP treatment reduced the secretion of leptin, GRO-α and RBP-4 (25, 24 and 36% inhibition, respectively), whereas the secretion rate of adiponectin remained unaffected. Changes in protein secretion under ANP treatment were not associated with changes in gene expression of LEP, TNF, IL6 and CXCL1 in adipose tissue pieces (data not shown). Cellular origin of the ANP-sensitive adipokines and expression of the components of the ANP-dependent signalling pathway The relative expression of several cytokines and adipokines was measured in macrophages and in mature adipocytes isolated from fresh human adipose tissue (Table 3) . Leptin, adiponectin and RBP-4 were exclusively expressed in adipocytes. The chemokines, CXCL1, CCL2, CCL4 and CCL8, and the cytokines, IL6, TNF and IL10, were predominantly expressed in macrophages. The transcripts for NPR1, the biologically active ANP receptor, and NPR3, the ANP clearance receptor, as well as PRKG1 (also known as cGKI) and PDE5A, the cyclic GMP-specific phosphodiesterase, were expressed in macrophages and adipocytes. Expression of NPR3 was significantly higher in mature adipocytes (Table 3) . The array ratios represent the means of individual ratios (ANP vs control) from each independent culture NS, not significant (Fig. 3) . In contrast, GRO-α protein secretion was unaffected when adipose tissue macrophages were treated by ANP.
Effect of HSL inhibition on ANP-induced changes in protein secretion
We performed five additional experiments with adipose tissue pieces to evaluate the effect of HSL inhibition on protein secretion. HSL activity was inhibited using 1 μmol/l of BAY. BAY is a selective inhibitor of HSL with no effect on lipoprotein lipase, adipose triacylglycerol lipase and monoacylglycerol lipase [22] . BAY treatment totally inhibited ANP-induced glycerol release while only partial inhibition of NEFA release into the medium was observed. Glycerol concentrations (μmol/g of tissue) were 2.62±0.31, 4.01±0.354 (p=0.001 vs control) and 2.82± 0.45 (p=0.007 vs ANP) in control, ANP and ANP+BAY conditions, respectively. NEFA concentrations (μmol/g tissue) were 0.12±0.02, 0.82±0.22 (p=0.006 vs control) and 0.55±0.14 (p=0.01 vs ANP) in control, ANP and ANP+BAY conditions, respectively. Interestingly, HSL inhibition reversed ANP-induced inhibition of leptin and GRO-α secretion and increased the secretion of adiponectin (Fig. 4) . The results suggest that these factors may be inhibited by metabolic products of lipolysis. The effect of ANP on other cytokines and chemokines was not modified, as shown for IL-6 and RBP-4 (Fig. 4) .
Discussion
The chronic low-grade inflammation associated with obesity is considered to be a major player in the genesis of obesity-associated pathologies. The increased accumulation of macrophages within human adipose tissue itself has been suggested to be an important source of inflammatory products [29, 30] . However, endocrine and nutritional signals capable of modulating adipose tissue inflammation and/or adipokine and cytokine secretion are still not defined. We report here that a physiological concentration of ANP, a major metabolic and cardiovascular hormone known to regulate lipolysis and lipid mobilisation in humans [18] , might reduce adipose tissue inflammation through a negative control of the secretion of several adipokines (leptin, RBP-4) and cytokines (IL-6, TNF-α, MCP-1, MIP-1β, GRO-α) with a role evoked in the pathogenesis of insulin resistance and type 2 diabetes. Importantly, ANP did not affect the secretion of the antiinflammatory proteins, IL-10 and adiponectin. Thus, the fact that ANP does preserve adiponectin secretion may be relevant, as in a recent study using the same kind of protein array approach, treatment of human adipocytes with gAcrp30 (the globular domain of adiponectin) resulted in 25-50% reduction of the secretion of several cytokines (IL-6, IL-8) and chemokines (GRO-α, MCP-1, MIP-1β) [31] . This suggests that besides adiponectin, ANP may act as a key regulator per se of cytokine secretion in human adipose tissue. This study examined for the first time the effect of ANP on a wide range of adipose tissue-secreted factors using protein arrays. As adipose tissue-secreted factors can originate from different cell populations and as the ANP lipolytic effect is primate-specific, we decided to work on human adipose tissue pieces to address the question. In cultures of adipose tissue pieces, the in vivo structure of the tissue is partly maintained; it is therefore a suitable model to study regulation at the whole-tissue level. Prior studies have used this model to study lipid metabolism or protein secretion [20, 32] . We have shown that ANP inhibits the secretion of TNF-α, IL-6 and RBP-4. The role of TNF-α and IL-6 in promoting insulin resistance has been widely documented [33, 34] . These pro-inflammatory cytokines have been shown to inhibit insulin signalling in skeletal muscle cells. On the other hand, even though the proinsulin resistant role of TNF-α in vivo seems well demonstrated [35] , this may be still questionable for IL-6, as this cytokine has been shown to increase insulinstimulated glucose disposal and uptake in lean healthy humans [36] . RBP-4, initially involved in the delivery of retinol to tissues, has recently been suggested as playing a role in the pathogenesis of insulin resistance [37] . A high level of expression of the gene encoding RBP-4 in adipose tissue and a substantial increase in circulating RBP-4 levels in several mouse models of obesity and insulin resistance were reported. Overexpression of RBP-4 or injection of recombinant RBP-4 in normal mice induces insulin resistance, whereas mice with a knockout of the gene encoding RBP-4 show increased insulin sensitivity compared with wild-type mice [12] . Moreover, it was recently shown that serum RBP-4 levels correlated with the magnitude of insulin resistance in obese and diabetic subjects [38] . We report here a regulation of RBP-4 by the cardiovascular hormone ANP in humans. Taken together, the results suggest that ANP, through the negative control of TNF-α, IL-6 and RBP-4 secretion, might also participate in the control of adipose tissue and whole-body insulin sensitivity. This observation is relevant in the field of obesity, type 2 diabetes and cardiovascular diseases. It shows interplay between cardiovascular and metabolic complications.
Additionally, ANP decreased the secretion of several chemokines such as MCP-1, GRO-α, MCP-2 and MIP-1β. These factors are known to be involved in inflammatory processes. Weisberg et al. have recently demonstrated the role of MCP-1 and its receptor, the C-C motif chemokine receptor 2, in macrophage recruitment to adipose tissue and development of insulin resistance [39] . ANP also strongly inhibits the release of GRO-α in adipose tissue. GRO-α is a CXC motif chemokine which is involved in inflammation and cell trafficking of various types of leucocytes [40, 41] . Moreover, ANP was shown to reduce leptin production, an observation in agreement with the study of Fain et al. [32] . Leptin has been shown to facilitate the transmigration of labelled monocytes through the endothelium in vitro [27] . Therefore, one can hypothesise that the ANP-mediated inhibition of MCP1, GRO-α and leptin secretion might inhibit the infiltration and activation of adipose tissue macrophages.
To gain insight into the cellular origin of adipose tissue factors regulated by ANP, we isolated adipocytes and macrophages from fresh adipose tissue. Gene expression studies showed that the adipose tissue cytokines and [14] . The adipokines, leptin, adiponectin and RBP-4, were specifically expressed in adipocytes. Adipocytes and macrophages expressed all components of the ANP-signalling pathway. ANP inhibited leptin and RBP-4 secretion from adipocytes and MCP-1 and IL-6 secretion from adipose tissue macrophages. These results suggest that ANP directly modulates the secretory activity of both adipocytes and macrophages in human adipose tissue. Changes in IL-6, TNF-α, leptin and GRO-α protein secretion induced by ANP were not associated with changes in gene expression. A functional role of NP in the immune system has been documented before [42] . ANP has been shown to inhibit lipopolysaccharide (LPS)-induced activation of TNF-α and IL-1β release in murine bone marrow-derived macrophages [43, 44] . Additionally, Kiemer et al. showed both transcriptional and post-translational regulation of TNF-α by ANP in Kupffer cells stimulated with LPS [45] . In conclusion, the ANP signalling pathway modulates the production of inflammatory and insulin resistance-inducing factors in adipocytes and macrophages, probably through post-transcriptional secretory mechanisms. In addition to a direct effect of ANP on target cells, fatty acids released by adipocytes may act on macrophages. Palmitate, a major NEFA released during lipolysis, has been shown to induce inflammatory changes in RAW264 macrophages [46] . We therefore hypothesised that ANP might also have an impact on macrophage and adipocyte secretions through induction of lipolysis. To test this hypothesis, we measured the effect of ANP on adipose tissue protein secretion under selective HSL inhibition. Pharmacological inhibition of HSL has been shown to inhibit ANP-induced lipolysis in human mature adipocytes [22] . Here we show that lipolysis-derived by-products negatively regulate the secretion of leptin and GRO-α. HSL inhibition increased the secretion of the anti-inflammatory protein adiponectin during ANP treatment. This might suggest that ANP directly stimulates the secretion of adiponectin, an effect being counteracted by lipolysisderived by-products originating from ANP-induced lipolysis. Accumulation of fatty acids in the culture medium may inhibit adiponectin secretion and hide the stimulatory effect of ANP on its secretion. While fatty acids are obvious candidates for the mediation of the NP effect, it cannot be ruled out that other products of HSL catalytic activity are responsible for the decrease in leptin and GRO-α secretion. HSL hydrolyses cholesterol and retinol esters [47] . As adipose tissue is an important storage depot of vitamin A [48] , the release of retinol catalysed by HSL may constitute the first step in signalling pathways involving retinoids. Interestingly, adiponectin and leptin are mainly produced in adipocytes, whereas the main site of production of GRO-α is macrophages. Therefore, lipolysis-derived by-products may act both at an autocrine level in adipocytes and at a paracrine level on macrophages. These data reveal a novel previously unappreciated link between a metabolic pathway, i.e. lipolysis and inflammation. In conclusion, this study demonstrates that a physiological concentration of ANP, through a direct effect on adipocytes and macrophages but also through lipolysisderived products, inhibits the secretion of several cytokines, chemokines and adipokines involved in leucocyte recruitment and activation as well as in the pathogenesis of insulin resistance. Therefore ANP may exert an important endocrine function within human adipose tissue to regulate local cytokine production. Changes in ANP plasma levels during physiological states (exercise, water immersion, weightlessness) might be associated with changes in adipose tissue inflammatory status and metabolism. Since physical exercise is known to promote ANP release [49] , the inhibitory effect of ANP on the secretion of cytokines and adipokines could be one of the elements contributing to the improvement of insulin resistance in exercising subjects. Conversely, an inverse relationship between BMI and NP plasma levels has been reported [50] . Further studies are required to demonstrate the physiological relevance in vivo of the inhibitory effect of ANP on adipose tissue cytokines production in humans.
